The objectives of this study were to compare relative vaccine-specific serum immunoglobulin concentrations, vaccine-specific lymphoproliferative responses, and cytokine profiles of proliferating lymphocytes between 3-day-old foals, 3-month-old foals, and adult horses after vaccination with a killed adjuvanted vaccine. Horses were vaccinated intramuscularly twice at 3-week intervals with a vaccine containing antigens from bovine viral respiratory pathogens to avoid interference from maternal antibody. Both groups of foals and adult horses responded to the vaccine with a significant increase in vaccine-specific IgGa and IgG(T) concentrations. In contrast, only adult horses and 3-month-old foals mounted significant vaccine-specific total IgG, IgGb, and IgM responses. Vaccine-specific concentrations of IgM and IgG(T) were significantly different between all groups, with the highest concentrations occurring in adult horses, followed by 3-month-old foals and, finally, 3-day-old foals. Only the adult horses mounted significant vaccine-specific lymphoproliferative responses. 
Development of the equine immune system occurs relatively early during fetal life. Lymphocytes are present in the peripheral blood of the equine fetus by day 120 of gestation, and they proliferate in response to mitogens by day 140 (21) . Specific antibody responses to in utero vaccination with coliphage T2 have been detected in equine fetuses as early as day 200 of gestation (16) . In other studies, administration of a Venezuelan equine encephalomyelitis antigen to equine fetuses between 232 and 283 days of gestational age resulted in serum neutralization titers higher than those elicited by the same preparation in adult horses (18, 19) . Recent work supports these findings, showing that active B-cell development and immunoglobulin isotype switching occur during equine gestation and the neonatal period (27) . Proliferation of peripheral blood lymphocytes in response to mitogens is slightly reduced at birth but rapidly increases to adult levels (6, 25) . Foals also have normal lymphokine-activated killing (LAK) cell activity of peripheral blood lymphocytes at birth and during early life (6) .
Although these findings suggest that newborn foals should be able to mount adequate immune responses at birth, maternal antibodies acquired through ingestion of colostrum have been shown to exert a considerable suppressive effect on antibody production (13, 29) . In addition, the recognized type 2 bias in the immune responses of murine and human neonates, along with the recent finding that young foals are deficient in their ability to produce gamma interferon (IFN-␥) in response to stimulation with mitogens, has led to the widespread hypothesis that foals are born with an inherent inability to mount a strong cell-mediated immune response (3, 4) . Foals may not develop cytotoxic T-lymphocyte responses until 6 to 8 weeks of age (20) . Recently, we have demonstrated that newborn foals can produce robust IFN-␥ responses and high concentrations of all IgG subclasses when they are challenged intrabronchially with virulent Rhodococcus equi (10) (11) (12) . However, there are no studies comparing the primary humoral and cell-mediated immune responses of newborn foals to those of older foals and adult horses following vaccination in the absence of vaccinespecific maternal antibody interference. A thorough understanding of immune responses of newborn foals following vaccination would be essential for the future development of rational strategies for vaccination against pathogens likely to infect foals early in life.
The objectives of this study were to compare serum IgM and IgG subclass concentrations, antigen-specific lymphoproliferative responses, and cytokine profiles of proliferating lymphocytes of newborn foals, older foals, and adult horses following vaccination with a killed adjuvanted vaccine. A killed adjuvanted vaccine was selected because most vaccines commercially available for use in horses currently are of this type. The central hypothesis for the present study was that newborn foals mount inferior immune responses to a killed vaccine compared to adult horses.
MATERIALS AND METHODS
Animals and experimental design. Thirty-two healthy Thoroughbred or Thoroughbred-cross foals were used. The foals were considered healthy on the basis of adequate transfer of passive immunity at 24 h of age, findings of complete blood cell counts and physical examination at the time of vaccination, and daily monitoring until completion of the study. Healthy adult horses (n ϭ 6) were also used. Foals were randomly assigned to one of two age groups indicating age at the time of the first vaccination: 3 days old (n ϭ 11) and 3 months old (n ϭ 15). Each animal received a series of two intramuscular injections of a killed adjuvanted cattle vaccine (Triangle4; Fort Dodge Animal Health, Fort Dodge, IA) at 3-week intervals. This vaccine included antigens from type II bovine viral diarrhea virus, infectious bovine rhinotracheitis virus, parainfluenza virus type 3, and bovine respiratory syncytial virus. The vaccine was selected on the basis of the lack of detectable serum antibody to these antigens in horses as well as demonstrated safety and immunogenicity in horses (26) . Blood was collected from each animal prior to vaccination (baseline), 3 weeks after administration of the first dose and prior to administration of the second dose (dose 1), and 3 weeks after administration of the second dose (dose 2).
Blood collection and cell separation. One hundred milliters of blood was collected by jugular venipuncture using heparin as the anticoagulant. In addition, blood (10 ml) was collected without anticoagulant for separation of serum. Peripheral blood mononuclear cells (PBMCs) were harvested from blood samples by density gradient centrifugation (Ficoll-Paque; Amersham Biosciences, Pittsburgh, PA), washed 3 times with phosphate-buffered saline (PBS), and counted using a hemacytometer. Aliquots of 3 ϫ 10 7 PBMCs were cryogenically preserved in 90% fetal bovine serum and 10% dimethyl sulfoxide (DMSO) in liquid nitrogen until they were used for lymphocyte proliferation and cytokine assays (see below). Serum was stored at Ϫ80°C until it was used for measurement of vaccine-specific immunoglobulin concentrations.
Vaccine-specific serum immunoglobulin concentrations. Vaccine-specific relative IgM, total IgG, IgGa, IgGb, and IgG(T) concentrations in serum were determined by enzyme-linked immunosorbent assay (ELISA) as previously described (11) . Optimal dilutions of reagents were determined by checkerboard titration. Briefly, wells in 96-well microtiter plates (Immulon II; Thermo Fisher Scientific, Waltham, MA) were coated at 4°C overnight with whole vaccine (Triangle4; Fort Dodge Animal Health) diluted 1:250 in carbonate-bicarbonate buffer (pH 9.6; total volume, 100 l/well). Plates were washed 4 times with PBS-0.05% Tween 20 between each of the following incubations. Plates were blocked with PBS-1% bovine serum albumin for 1 h at room temperature. Serum from each experimental animal was diluted 1:100, and 100 l was added to each well for 1 h of incubation at room temperature. To determine isotypespecific responses, 100 l of peroxidase-conjugated goat anti-equine IgGa (1: 5,000), IgGb (1:5,000), IgG(T) (1:1,000), and IgM (1:2,500) (Serotec, Raleigh, NC) was added to the wells for 1 h of incubation at room temperature. After addition of substrate [2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid); Roche Diagnostics, Indianapolis, IN], the plates were incubated for 45 min in the dark at room temperature and the optical density at 405 nm (OD 405 ) was measured. For each immunoglobulin subisotype measured, serum from a high responder was serially diluted to generate a standard curve for relative quantification of immunoglobulin concentrations in the experimental animals. The sample dilutions used to generate the standard curve were run on each plate to correct for interplate variability. Wells incubated without serum were used as blanks to subtract out the background absorbance. Each sample was run in triplicate, and the mean OD was used.
Vaccine-specific lymphocyte proliferation. Immediately after they were thawed, PBMCs were washed twice and placed in minimal essential medium alpha (MEM␣) supplemented with 10% horse serum, 2 mM glutamine, and penicillin-streptomycin (100 U and 100 g per ml, respectively). More than 80% of the cells were viable after they were thawed, as assessed by trypan blue (Mediatech, Herndon, VA) exclusion. Lymphoproliferative responses were assessed using a nonradioactive colorimetric assay. The results of this assay have been shown to correlate closely with those of conventional radioactive [ 3 H]thymidine incorporation in many species, including the horse (2, 30) . In preliminary experiments, the adjuvant of the killed vaccine was found to exert mitogenic effects on equine lymphocytes, thereby preventing our ability to detect vaccinespecific lymphoproliferative responses. A modified live vaccine (Pyramid5; Fort Dodge Animal Health) containing the same viral agents as the killed adjuvanted vaccine was used as a source of antigen for the lymphoproliferative assay. The advantage of the modified live vaccine was that antigen and adjuvants were provided in separate vials. Vaccine antigen was diluted in MEM␣ and inactivated by heating at 60°C for 1 h. The optimal concentration of antigen (1:7,000) was determined in preliminary experiments. Aliquots (100 l) of cells (1 ϫ 10 6 cells/ml) were placed in triplicate wells of 96-well black plates with flat, clearbottom wells (Corning Inc., Corning, NY). Cells were separately incubated either without antigen (blank), with 5 g/ml of pokeweed mitogen (positive control), or with vaccine antigen. The cells were stimulated at 37°C for 72 h in 6% CO 2 . Eighteen hours before the end of the assay, 20 l of alamar blue (Accumed International Inc., Westlake, OH) was added to each well and fluorescence was determined with a fluorometer (Synergy HT; BioTek Instruments Inc., Winooski, VT) using an excitation wavelength of 530 nm and measurement of emission at 590 nm. Change in fluorescence was calculated as the mean of the stimulated cells minus the mean of the cells without antigen or mitogen (blank).
mRNA expression of interleukin-2 (IL-2) and IL-10. PBMCs were cultured in triplicate wells for 24 h in the presence of the vaccine antigen as described above. Time of stimulation (24 h) was selected on the basis of peak mRNA expression in preliminary experiments with adult horse PBMCs. Isolation of total RNA was performed with an RNeasy kit (Qiagen Inc., Valencia, CA), according to the manufacturer's instructions. The RNA concentration was measured by determination of the OD 260 . All RNA samples were treated with amplification-grade DNase I (Gibco BRL, Rockville, MD) to remove any trace of genomic DNA contamination. Briefly, 1 U of DNase I and 1 l of 10ϫ DNase I reaction buffer were mixed with 1 g of total RNA for a total volume of 10 l. The mixture was incubated for 10 min at room temperature and then inactivated by the addition of 1 l of 25 mM EDTA and incubation at 65°C for 10 min.
A commercial kit was used to synthesize cDNA (Advantage RT-for-PCR kit; Clontech, Palo Alto, CA), according to the protocol of the manufacturer. Briefly, 1 g of DNase-treated total RNA was mixed with 1 l of oligo(dT) 18 primer (20 M), and the mixture was heated at 70°C for 2 min. After the mixture was cooled to room temperature, the following reagents were added: 4 l of 5ϫ reaction buffer, 1 l of deoxynucleoside triphosphates (10 mM each), 0.5 l of RNase inhibitor, (40 U/l), and 1 l of Moloney murine leukemia virus reverse transcriptase (200 U/l). The mixture was incubated at 42°C for 1 h, heated at 94°C for 5 min, diluted to a final volume of 100 l, and stored at Ϫ70°C until being used for PCR analysis.
Gene-specific primers and internal oligonucleotide probes for equine glyceraldehyde-3-phosphate dehydrogenase (G3PDH), IL-2, and IL-10 have been previously reported (8) . The internal probes were labeled at the 5Ј end with the reporter dye 6-carboxyfluorescein and at the 3Ј end with the quencher dye 6-carboxytetramethylrhodamine. Amplification of 2 l of cDNA was performed in a 25-l PCR mixture containing 900 nM concentrations of each primer, 250 nM TaqMan probe, and 12 l of TaqMan universal PCR master mix (Applied Biosystems). Amplification and detection were performed with an ABI Prism 7900 sequence detection system (Applied Biosystems) with initial incubation steps at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. cDNA from equine blood mononuclear cells stimulated for 24 h with concanavalin A was used as a positive control and was run on each plate as a calibrator sample. Each sample was assayed in triplicate, and the mean value was used for comparison. Samples without cDNA were included in the amplification reactions to determine background fluorescence and to check for contamination. DNase-treated RNA samples were subjected to PCR using the G3PDH primers to confirm the absence of genomic DNA contamination. Relative gene expression was calculated using the method described by Pfaffl (22) .
IFN-␥ and IL-4 concentrations. Supernatants of 2 ϫ 10 7 PBMCs stimulated as described above for 72 h were collected and stored at Ϫ80°C until use. Supernatants were concentrated using a centrifugal filter device (Amicon Ultra; Millipore, Billerica, MA), according to the manufacturer's instruction. The concentrations of IL-4 and IFN-␥ proteins in the concentrated supernatant were measured using commercially available equine cytokine ELISA kits (R&D Systems, Minneapolis, MN), according to the manufacturer's instructions. For each assay, a seven-point standard curve obtained using a 2-fold serial dilution of recombinant equine IFN-␥ or IL-4 (starting at 1,000 pg/ml) was used for quantification and as a positive control. The lower detection limits were 30 and 16 pg/ml for IFN-␥ and IL-4, respectively.
Statistical analysis. Normality and equality of variance of the data were assessed using the Kolmogorov-Smirnov and Levene's tests, respectively. Vaccine-specific immunoglobulin concentrations and cytokine mRNA expression data were not normally distributed and were rank transformed prior to analysis. A two-way analysis of variance for repeated measurements was used to determine the effects of vaccination (baseline, dose 1, and dose 2) and experimental group (3-day-old, 3-month-old, and adult horses) and the interactions between 
RESULTS
Vaccine-specific immunoglobulin concentrations. Both groups of foals and adult horses responded to the vaccine with a significant increase in relative vaccine-specific IgGa and IgG(T) concentrations (Fig. 1) . In contrast, only adult horses and 3-month-old foals mounted significant vaccine-specific total IgG, IgGb, and IgM responses. Relative concentrations of vaccine-specific total IgG and IgGb after administration of two doses were significantly higher in adult horses than in both groups of foals. Relative concentrations of vaccine-specific IgM and IgG(T) after administration of two doses were significantly different among all groups, with the highest relative concentrations occurring in adult horses, followed by 3-monthold foals and, finally, 3-day-old foals ( Fig. 1) . Relative concentrations of IgGa were not significantly different between groups.
Vaccine-specific lymphoproliferative responses and cytokine induction. Adult horses had significantly greater lymphoproliferative responses to the vaccine antigen after the second dose of vaccine compared to those measured at the baseline or after a single dose (Fig. 2) . In both groups of foals, vaccineinduced lymphoproliferative responses after vaccination were not significantly different from baseline values (Fig. 2) . Lymphoproliferative responses of adult horses after administration of two doses of vaccine were significantly higher than that of either group of foals (Fig. 2) . Three-month-old foals had significantly greater lymphoproliferative responses after two doses of vaccine than 3-day-old foals. There was no significant effect of vaccination on lymphoproliferative responses to pokeweed mitogen, but there was a significant effect of group (P ϭ 0.016). Lymphoproliferative responses to pokeweed mitogen in adult horses (1,470 Ϯ 1,058) were significantly higher than those of 3-day-old foals (387 Ϯ 533) and 3-month-old foals (806 Ϯ 1,608). Lymphoproliferative responses to pokeweed mitogen were not significantly different between the two groups of foals.
Cytokine induction in vaccine-stimulated PBMCs. Baseline IFN-␥ concentrations were significantly lower in 3-day-old foals than in 3-month-old foals and adult horses (Fig. 3A) . Vaccination resulted in a significant decrease in IFN-␥ concentrations after the first dose of the vaccine in 3-day-old foals and after both doses in 3-month-old foals and adult horses. After two doses of the vaccine, IFN-␥ concentrations were significantly lower in adult horses than in both groups of foals (Fig. 3A) . Baseline IL-4 concentrations were significantly lower in 3-day-old foals than in adult horses (Fig. 3B) . Concentrations of IL-4 significantly decreased after the second vaccination compared to those at the baseline in 3-day-old foals. Concentrations of IL-4 after the second vaccination were significantly lower in 3-day-old foals than in 3-month-old foals and adult horses (Fig. 3B ). There was a significant increase in the IFN-␥/IL-4 ratio after the second dose of vaccine in 3-dayold foals and a significant decrease in the same ratio in adult horses. The IFN-␥/IL-4 ratio of both groups of foals was significantly higher than that of adult horses after the second dose of the vaccine (Fig. 3C ).
There was a significant effect of group (P ϭ 0.033) on relative IL-2 mRNA expression, but the effect of vaccination (P ϭ 0.17) and the interactions between group and vaccination (P ϭ 0.97) were not statistically significant. Relative IL-2 mRNA expression in adult horses was significantly higher than that in both groups of foals (Fig. 4A) . Baseline relative IL-10 mRNA expression was not significantly different between groups. There was a significant increase in relative IL-10 mRNA expression after the first dose of the vaccine in 3-day-old foals only, but expression returned to the baseline after the second dose (Fig. 4B) . Relative IL-10 mRNA expression after the first dose of the vaccine was significantly higher in 3-day-old foals than in adult horses (Fig. 4B) . Relative IL-10 mRNA expression did not change significantly with vaccination in 3-monthold foals or in adult horses.
DISCUSSION
Although vaccination of horses is widely practiced and forms an important part of infectious disease control programs, very little is known regarding development of immune responses following vaccination in newborn foals. Response to vaccination is generally assessed in a population of healthy adult horses. However, age has a profound effect on immune responses, as evidenced by the fact that old horses have decreased antibody production and lymphoproliferative responses to some vaccines (9) . Current equine vaccination guidelines state that vaccination of foals should begin at between 3 and 6 months of age, depending on the specific vaccine. This is because maternal antibody acquired through ingestion of colostrum has been shown to exert a considerable suppressive effect on antibody production. This is substantiated by the fact that the onset of antibody production is advanced in colostrum-deprived foals compared to foals with adequate transfer of passive immunity (13) . The rate of decline of maternal antibodies varies depending on the nature of the antigen. For many pathogens, the concentration of maternal antibody in foals falls to nonprotective levels by 2 to 3 months of age. For equine influenza and tetanus, maternal antibodies in foals born from mares vaccinated in the last 2 months of pregnancy can persist until approximately 6 months of age and prevent adequate immune responses in foals vaccinated prior to reaching that age (29) . There are no studies comparing primary humoral and cell-mediated immune responses of newborn foals to those of older foals and adult horses following vaccination in the absence of antigen-specific maternal antibody interference. A thorough understanding of the default immune response of newborn foals following vaccination is essential for the future development of rational vaccination strategies for pathogens expected to cause disease early in life.
The killed adjuvanted vaccine selected for use in the present study was well tolerated and invoked both humoral and lymphoproliferative responses in adult horses. Relative vaccinespecific serum concentrations of IgM, IgG(T), IgGa, IgGb, and total IgG all increased following vaccination. Vaccine-specific total IgG, IgM, IgG(T), and IgGb concentrations in adult horses were the highest after the second vaccination. In con-trast, vaccine-specific IgGa concentrations increased after the first vaccination, but a considerable decrease in IgGa concentrations was observed after the second vaccination in most horses. These results are in accordance with those of Slack et al. (26) , who reported a peak in IgGa concentrations 2 weeks following administration of the second dose of the same vaccine to adult horses and a substantial decrease in IgGa concentrations at 3 weeks. Although newborn foals mounted FIG. 1. Relative vaccine-specific serum total IgG (A), IgM (B), IgGa (C), IgGb (D), and IgG(T) (E) concentrations determined by capture ELISA. Adult horses, 3-day-old foals, and 3-month-old foals were vaccinated with a killed adjuvanted vaccine twice with 3 weeks between administrations. Serum was collected from each animal prior to vaccination (baseline), 3 weeks after administration of the first dose and prior to administration of the second dose (dose 1), and 3 weeks after administration of the second dose (dose 2). Symbols represent individual data points. Horizontal bars indicate median values. Different numbers (1, 2, and 3) within an age group indicate significant differences between sample time points. Different letters (a, b, and c) within a time point indicate significant differences between age groups. Significance was set at a P value of Ͻ0.05.
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on January 4, 2018 by guest http://cvi.asm.org/ statistically significant vaccine-specific IgGa and IgG(T) responses, the magnitude of these responses was modest compared to that of older foals and adult horses. In one study, vaccination of 8-to 15-day-old foals with two doses of a DNA vaccine expressing the vapA gene of Rhodococcus equi failed to elicit a measurable antibody response, while the same vaccine elicited robust antigen-specific IgG responses in adults (15) . In contrast, infection of 7-day-old foals with live virulent R. equi resulted in a significant increase in IgGa, IgGb, IgGc, and IgM concentrations compared to preinfection values (11) . In the same study, postinfection IgGa and IgGb concentrations in infected foals were significantly higher than those achieved following administration of the same inoculum to adult horses (11) . Administration of a higher inoculum of the same virulent R. equi strain resulted in significantly higher IgG(T) and IgM responses (10) . Collectively, these findings indicate that newborn foals can mount adequate humoral immune responses if they are provided with the right stimulus. However, the nature and dose of antigen and possibly the type of adjuvant have a profound effect on the magnitude and IgG subclass of the response in newborn foals. The present study showed that the antigen-specific lymphoproliferative responses of adult horses are substantially greater than those of foals. Similarly, 7-day-old foals infected with virulent R. equi had decreased lymphoproliferative responses to R. equi antigens compared to adult horses (10) . Although the proportion of B lymphocytes in the peripheral blood of foals (20 to 30%) is significantly greater than that of adult horses (5 to 10%) (7), the resulting small difference in the proportion of T lymphocytes between foals and adults is unlikely to be responsible for the profound difference in antigenspecific lymphocyte proliferation observed in the present study. Limited antigen-specific lymphoproliferative responses in foals are unlikely to be a result of an impaired proliferative ability of neonatal lymphocytes because previous studies have indicated that foals and adult horses have similar lymphoproliferative responses in response to stimulation with concanavalin A (6, 11) . In the present study, lymphoproliferative responses to pokeweed mitogen were significantly higher in adult horses than in both groups of foals. The decreased antigen-specific lymphoproliferative responses in neonatal foals may be the result of the cell type that functions as the antigen-presenting cell during the initial immune response (23) . Alternatively, decreased antigen-specific lymphoproliferative responses in neonatal foals may be the result of impaired or immature FIG. 2 . Mean (ϮSD) vaccine-specific lymphoproliferative responses determined by a colorimetric lymphocyte proliferation assay. Adult horses, 3-day-old foals, and 3-month-old foals were vaccinated with a killed adjuvanted vaccine twice with 3 weeks between administrations. PBMCs were collected from each animal prior to vaccination (baseline), 3 weeks after administration of the first dose and prior to administration of the second dose (dose 1), and 3 weeks after administration of the second dose (dose 2). Different numbers (1, 2, and 3) within an age group indicate significant differences between sample time points. Different letters (a, b, and c) within a time point indicate significant differences between age groups. Significance was set at a P value of Ͻ0.05.
FIG. 3. Mean concentrations of IFN-␥ (A) and IL-4 (B)
and IFN-␥/IL-4 ratio (C) in the supernatants of PBMCs stimulated with vaccine antigens determined by ELISA. Adult horses, 3-day-old foals, and 3-month-old foals were vaccinated with a killed adjuvanted vaccine twice with 3 weeks between administrations. PBMCs were collected from each animal prior to vaccination (baseline), 3 weeks after administration of the first dose and prior to administration of the second dose (dose 1), and 3 weeks after administration of the second dose (dose 2). Different numbers (1, 2, and 3) within an age group indicate significant differences between sample time points. Different letters (a, b, and c) within a time point indicate significant differences between age groups. Significance was set at a P value of Ͻ0.05.
function of antigen-presenting cells. Recent studies have shown that monocyte-derived dendritic cells from foals are phenotypically different from those from adult horses, having decreased major histocompatibility complex class II and CD86 expression (5, 17) .
Cell-mediated immune responses of murine and human neonates are generally thought to be biased toward a Th2 response (1). Several studies have documented that newborn foals are deficient in their ability to induce IFN-␥ in response to stimulation with mitogens (3, 4) . These findings, along with the peculiar susceptibility of foals to infection with R. equi, a facultative intracellular pathogen known to cause disease in immunocompetent mice only when a Th2 response is experimentally induced (14) , have led to the hypothesis that T-cell responses from newborn foals may be biased toward a Th2 cytokine profile. However, experimental infection of neonatal foals with virulent R. equi triggers induction of IFN-␥ mRNA transcription in a manner that is similar to that in adult horses, indicating that foals can mount adequate IFN-␥ responses if they are provided the proper stimulus (11, 12) . Thorough assessment of the Th1/Th2 polarization of the foals' immune responses also necessitates measurement of Th2 cytokines, such as IL-4. Recent data demonstrate that foals are also deficient in their ability to produce IL-4 in response to stimulations with mitogens, suggesting that a clear-cut polarization toward a Th2 response is unlikely in neonatal foals (24, 28) . The relative Th1/Th2 polarization of equine neonatal immune responses would be better assessed by measuring antigen-specific responses after vaccination rather than after stimulation with mitogens. To the authors' knowledge, the present study is the first to measure Th1 and Th2 cytokines in response to vaccination of newborn foals with a killed adjuvanted vaccine. Consistent with studies using mitogens, baseline (prior to vaccination) IFN-␥ and IL-4 concentrations in the present study were significantly lower in 3-day-old foals than in adult horses. However, the IFN-␥/IL-4 ratio after vaccination was significantly higher in both groups of foals than in adult horses. These results indicate that although basal cytokine secretion in neonatal foals may be considerably dampened, there is not a clear bias toward a Th2 response to the vaccine used in the present study.
In conclusion, the present study demonstrated considerably decreased humoral and lymphoproliferative responses in newborn foals after vaccination with a killed vaccine compared to that in adult horses even in the absence of vaccine-specific maternal antibody interference. Although immune responses to the vaccine improved with age, 3-month-old foals did not respond with the same magnitude as adult horses. However, newborn foals do not have a bias toward a Th2 response in response to vaccination. Additional studies are needed to determine the effects of type of antigen, dose of antigen, and form of adjuvant on induction of robust humoral and cellmediated immune responses in foals. FIG. 4 . Relative levels of IL-10 (A) and IL-2 (B) mRNA expression in PBMCs stimulated with vaccine antigens. Adult horses, 3-day-old foals, and 3-month-old foals were vaccinated with a killed adjuvanted vaccine twice with 3 weeks between administrations. PBMCs were collected from each animal prior to vaccination (baseline), 3 weeks after administration of the first dose and prior to administration of the second dose (dose 1), and 3 weeks after administration of the second dose (dose 2). Symbols represent individual data points. Horizontal bars indicate median values. Different numbers (1, 2, and 3) within an age group indicate significant differences between sample time points. Different letters (a, b, and c) within a time point indicate significant differences between age groups. Significance was set at a P value of Ͻ0.05. 
